The effects of solvent composition on both the maximum charge states and charge state distributions of analyte ions formed by electrospray ionization were investigated using a quadrupole mass spectrometer. The charge state distributions of cytochrome c and myoglobin, formed from 47%/50%/3% water/solvent/acetic acid solutions, shift to lower charge (higher m/z) when the 50% solvent fraction is changed from water to methanol, to acetonitrile, to isopropanol. This is also the order of increasing gas-phase basicities of these solvents, although other physical properties of these solvents may also play a role. The effect is relatively small for these solvents, possibly due to their limited concentration inside the electrospray interface. In contrast, the addition of even small amounts of diethylamine (Ͻ0.4%) results in dramatic shifts to lower charge, presumably due to preferential proton transfer from the higher charge state ions to diethylamine. These results clearly show that the maximum charge states and charge state distributions of ions formed by electrospray ionization are influenced by solvents that are more volatile than water. Addition of even small amounts of two solvents that are less volatile than water, ethylene glycol and 2-methoxyethanol, also results in preferential deprotonation of higher charge state ions of small peptides, but these solvents actually produce an enhancement in the higher charge state ions for both cytochrome c and myoglobin. For instruments that have capabilities that improve with lower m/z, this effect could be taken advantage of to improve the performance of an analysis. (J Am Soc Mass Spectrom 2000, 11, 976 -985)
The effects of solvent composition on both the maximum charge states and charge state distributions of analyte ions formed by electrospray ionization were investigated using a quadrupole mass spectrometer. The charge state distributions of cytochrome c and myoglobin, formed from 47%/50%/3% water/solvent/acetic acid solutions, shift to lower charge (higher m/z) when the 50% solvent fraction is changed from water to methanol, to acetonitrile, to isopropanol. This is also the order of increasing gas-phase basicities of these solvents, although other physical properties of these solvents may also play a role. The effect is relatively small for these solvents, possibly due to their limited concentration inside the electrospray interface. In contrast, the addition of even small amounts of diethylamine (Ͻ0.4%) results in dramatic shifts to lower charge, presumably due to preferential proton transfer from the higher charge state ions to diethylamine. These results clearly show that the maximum charge states and charge state distributions of ions formed by electrospray ionization are influenced by solvents that are more volatile than water. Addition of even small amounts of two solvents that are less volatile than water, ethylene glycol and 2-methoxyethanol, also results in preferential deprotonation of higher charge state ions of small peptides, but these solvents actually produce an enhancement in the higher charge state ions for both cytochrome c and myoglobin. is well recognized as a soft ionization method for producing gasphase ions of large biopolymers, such as oligonucleotides, proteins, and even noncovalent biomolecular complexes [2] . In combination with mass spectrometry, molecular masses of large molecules can be measured with unprecedented accuracy [3] . The multiple charging of large analyte ions that occurs with ESI has the advantage that the masses of very large molecules can be measured using mass spectrometers with upper mass-to-charge limits. One outstanding challenge in ESI mass spectrometry is to accurately predict the observed charge state distribution of a large molecule, given its primary structure, the composition of the solvent system from which the ions are formed, instrumental conditions, etc. Several factors have been shown to influence the observed charge state distribution, including molecular conformation [4 -6], acid-base chemistry both in solution and in the gas phase [7] [8] [9] [10] [11] , solvent composition [8] , instrumental factors, etc. Several models have been proposed to qualitatively account for some of these effects [12] [13] [14] [15] . A general conclusion from several studies is that the electrospray charge state distributions of proteins formed from denaturing solution conditions are shifted to higher charge states (lower m/z) than those formed from solutions in which the protein has significant tertiary structure. This effect is widely attributed to reduced Coulomb repulsion afforded by more elongated conformations and increased accessibility of the basic residues in the protein. For example, Chowdhury et al. [4] measured the effects of acid denaturation of cytochrome c on the resulting ESI mass spectra, and found a correlation between the observed charge state distributions and the solution-phase conformations of cytochrome c. A similar observation was made by Le Blanc et al.
[5] using heat denaturation. Loo et al. [6] found that charge state distributions correlate with the denaturing capacities of different solvents.
Although there is a strong dependence of the charge state distribution observed in ESI mass spectra on the solution-phase conformation of the molecule, there is little dependence on the solution-phase charge state [7, 8, 11] . Wang et al. [7] electrosprayed bradykinin and gramicidin S from basic (pH ϳ 11.9) and acidic (pH ϳ 2.9) solutions. For bradykinin, the calculated solution equilibrium ratio,
, changes by nearly nine orders of magnitude over this pH range, whereas this ratio in the ESI mass spectra changes by only a factor of ϳ6.6. Thus, there is little correlation between the charge state distribution in bulk solution and the charge state distribution observed in the ESI mass spectra for this compound. Similar results were reported by Le Blanc et al. [8] who electrosprayed gramicidin S from aqueous solutions containing 0.2 M nitrogen-containing bases. They found that the ratio,
, does not depend on the solution pH, but rather this ratio decreases with increasing proton affinity of the base. These results are consistent with the higher charge state ions undergoing preferential proton transfer to the organic base. Carbeck et al. used protein charge ladders, capillary electrophoresis, and ESI mass spectrometry to show that the charge state distribution observed in ESI mass spectra does not reflect the net charge of proteins in solution [11] .
Whereas predicting the charge state distribution is a challenge, more success has been obtained at predicting the absolute maximum number of charges an ion can retain. Covey et al. [15] proposed that the maximum charge state of a peptide or protein should correspond to the number of basic sites (Arg, Lys, His, and the N-terminus). In many cases, this works quite well. However, there are also very significant deviations. For example, actin and S4 ribosomal protein both have 46 basic sites, yet the maximum observed charge states reported in the literature for these proteins are 59ϩ and 30ϩ, respectively [16] . Thus, actin can retain significantly more protons than basic sites, whereas the opposite is true for S4 ribosomal protein.
Schnier et al. [16] proposed a model for quantitatively calculating the maximum charge state of a protein based on the energetics and kinetics of proton transfer from the analyte ions to solvent molecules. The apparent gas-phase basicities (GB app ) of basic sites in the ion are calculated based on their intrinsic gas-phase basicities (GB) and the Coulomb energy from interacting charges:
where q is charge, 0 is the permittivity of vacuum, r is the effective dielectric polarizability, and r i,t is the distance between the basic site and the ith neighboring charge. Ions electrosprayed from denaturing solutions are modeled as elongated one-dimensional strings. The GB app of each charge state is calculated from the lowest energy charge configurations found using a pseudorandom walk algorithm. These calculations are described in more detail elsewhere [16] . Using this model, Schnier et al. found a good correlation between the maximum observed charge state and the first charge state with a GB app below the GB of methanol. For 13 commonly electrosprayed proteins, the calculated maximum charge states agree with the experimental values reported in the literature within an average of 6%. Excellent agreement with experimental values was also obtained for a series of arginine-containing peptides using a slightly modified model in which conformations of the peptide termini were modeled more explicitly [16] .
Very recently, Ridge and co-workers [17] showed that this simple point charge model for calculating GB app values also produces good agreement with experimentally measured values for three highly basic peptides. The authors noted, however, that the maximum charge state of the peptide (KAP) 10 , when electrosprayed from water/isopropanol solution, resulted in mass spectra with a maximum charge state of 10ϩ, whereas the maximum based on the calculated GB app and the GB of isopropanol is 8ϩ. The authors stated that "the proton affinity of the most volatile solvent does not appear to determine the maximum charge state observed." They went on to suggest that the maximum charge state may be more dependent on the proton affinity of the less volatile solvent.
Here, we show that the proton transfer reactivity of organic solvents in aqueous/organic/acetic acid solutions, whether more or less volatile than water, does influence both the maximum and the average charge states observed in ESI mass spectra. Although clearly observable for organic solvents with relatively low GB, this effect is not as large as one would expect based on the relative values of the calculated GB app of the ions and the GB of the organic solvents that one would predict based on the ion-molecule kinetics measured under the ultrahigh vacuum and long time frame conditions of FT/ICR experiments. The charge-reducing effect is more dramatic for more basic solvents. However, other factors, such as the concentration of the solvent and total number of gas-phase collisions, also influence the extent of deprotonation that occurs.
Experimental
Experiments were performed on a quadrupole mass spectrometer with an in-house-built external electrospray source. This instrument is described elsewhere [18] . Ions are generated using nanoelectrospray [19] (flow rates between 60 and 200 nL/min). The nanoelectrospray needles are made from 1.0 mm o.d./0.78 mm i.d. borosilicate capillaries pulled to a tip with an inner diameter of ϳ4 m using a micropipette puller (Sutter Instruments, Novato, CA). The electrospray is initiated by applying a potential of ϳ1000 V to a Pt wire inserted into the nanoelectrospray needle to within ϳ1 mm of the tip. The wire and nanoelectrospray needle are held in place with a patch clamp holder (WPI Instruments, Sarasota, FL). The electrospray ions are sampled from atmospheric pressure through a 12-cm long stainless steel capillary (0.50 mm i.d.) heated to a temperature of 195°C. This temperature is higher than that of the gas
